Abstract. Laser driven shocks allow studying the dynamic behaviour of condensed matter over small spatial (∼ μm to mm-order) and temporal (∼ps to ns-order) scales, at extremely high strain rates (∼10 7 s −1 ). They can be used to test the predictive capability of constitutive models over wide ranges of loading pressures and pulse durations. We present experimental results in laser shock-loaded metals (iron, gold, tin), based on various, complementary techniques including time-resolved velocity measurements, transverse shadowgraphy and post-shock analyses of recovered samples. The data are used to investigate several shock wave processes such as yielding and polymorphic transformations, melting, spall fracture and dynamic fragmentation in both solid and melted states. On the basis of comparisons with numerical simulations, the abilities and limitations of several models are briefly discussed.
Introduction
All processes governing the response of condensed matter to shock loading, from elastic-plastic behaviour to phase transformations and dynamic fracture, are strain rate dependent to some extent. Explosives and plate impacts are widely used to study such shock wave processes at strain rates of about 10 4 -10 5 s −1 under pulsed pressure loads of a few μs. Laser driven shocks can be used to extend these investigations over ranges of faster loading, typically some 10 7 s −1 , and shorter pulse durations of a few ns or less.
Here, we illustrate the use of laser shocks to investigate various aspects of materials dynamic behaviour at very high strain rates, and we test the predictive capability of numerical models under such uncommon loading conditions. In Section 2, the complex elastic-plastic response of iron, governed by both twinning and dislocation slip, and the well known polymorphic transition from α to ε phase are studied over ranges of unusually short propagation distances. Section 3 concerns spall fracture and subsequent fragment ejection from laser shock-loaded iron and gold samples, then the evolution of this spallation process after shock-induced melting is explored, tin being chosen as a reference material because of its relatively low melting curve.
All experiments have been performed in the Laboratoire pour l'Utilisation des Lasers Intenses (LULI, UMR 7605, Ecole Polytechnique, France) or in the Centre d'Etudes Scientifiques et Techniques d'Aquitaine (CEA, Le Barp, France). The setup, fully described elsewhere [1] [2] [3] , is schematically depicted in Fig. 1 . The velocity of the sample free surface (opposite to the loaded surface) is measured either with a Velocity Interferometer System for Any Reflector (VISAR) or with a Photonic Doppler Velocimeter (PDV). Optical transverse shadowgraphy provides quasi-instantaneous pictures of the fragments ejected from this free surface. In some shots, ejecta are recovered on a plastic shield or in a gel collector [3] set a few mm away.
Twinning and polymorphic transformations
Owing to its importance in geophysics (as main constituent of the Earth's core) and in engineering applications, iron has been widely studied under both static and dynamic pressure. Still, open questions remain on wave propagation in this metal and on the kinetics of its structural changes.
Dynamic yielding of iron has been the subject of extensive studies for many years. A compression front splits into an elastic precursor followed by a slower plastic wave. The amplitude of the elastic precursor is reported to decrease with increasing propagation path length, and stress relaxation is observed before the plastic wave [4] . This highly rate-dependent behaviour has been attributed to the nucleation and motion of dislocations and deformation twinning [5] . Free surface velocity profiles measured in laser shock-loaded iron samples are plotted in Fig. 2 , showing both elastic precursor decay and stress relaxation. Similar profiles have been recorded with piezoelectric transducers and reported in the past, together with micrographs of the recovered targets showing considerable twin formation [6] . The measured values of elastic particle velocities are much higher than those reported in thicker specimens under conventional shock loading [4, 5] , which confirms the rate-dependency of the response. A constitutive model [5] has been adapted to simulate this behaviour, as fully detailed elsewhere [6] . It involves a volume fraction of twinned material ξ:
where ξ 0 is the initial fraction of twins, assumed to be zero, θ is a constant characteristic time, m is set to 3 assuming 3D growth of twin platelets in thickness as well as in area, τ is the shear stress, and v t is a growth rate increasing linearly with stress above a threshold value τ 0 . Dislocation slip, assumed to be much faster than twinning, is treated as rate-independent through instantaneous accommodation of the plastic strain above a threshold stress τ 1 . The values of the model parameters θ, τ 0 and τ 1 in laser shock-loaded iron have been determined as 18 ns, 0.4 GPa and 1 GPa, respectively [6] , significantly different from the original values fitted at lower strain rates. A fair agreement is obtained between measured and computed acceleration fronts (Fig. 2) . Discrepancies after the deceleration from the peak velocity do not directly question the validity of the elastic-plastic model above, since this later part of the profiles is related to spall damage, as discussed further. Another specificity of iron behaviour is the transformation from body-centered-cubic (α) to hexagonal-close-packed (ε) structure above 13 GPa. Laser shocks allow investigating the kinetics of this transition because they involve times of pressure application of the same order as its relaxation time, namely a few ns to some tens of ns, according to data reported under conventional shock loading [4] . Figure 3 shows free surface velocity records in iron samples subjected to laser shocks of about 130 GPa. They are compared to the predictions of a model detailed elsewhere [7] , involving a two-phase equation of state and a phenomenological expression of the transformation rate
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where α is the volume proportion of α phase, M is the atomic mass of iron, R is the perfect gas constant, T is the temperature, G α and G ε are the Gibbs free energies of both phases, and η is a constant relaxation time characteristic of the transition kinetics. According to this model, the thinnest sample should be fully transformed to ε phase throughout its 150 μm-thickness, while the two thicker ones should be only partially transformed (i.e. the region beneath the free surface should remain in the α phase, due to pressure decay below the 13 GPa threshold). This leads to drastic differences in the wave profiles, discussed in detail in [2] . The above model is shown to provide consistent velocity profiles with a time constant η set to 5 ns (Fig. 3) , while shorter or longer values would lead to much poorer agreement, which gives some insight into the transformation kinetics.
3 Spall fracture, dynamic fragmentation and "microspall"
Dynamic failure, and more specifically spall fracture, which occurs upon tensile loading due to the interaction of incident and reflected release waves inside a shock-loaded sample, have been widely studied for several decades, both theoretically and experimentally, for both basic and applied motivations [8] . Laser shocks can be used to extend such research toward extremely fast strain rates, where the measured tensile strength might approach its 'ideal' theoretical value [9] . Besides, their relatively low destructive character is a major advantage for post-test analyses of damage in recovered samples, even in brittle specimens, or for collecting the ejected fragments. Thus, the results in Fig. 3 provide key information on the effects of the α-ε transition on spall fracture in iron. In the free surface velocity profiles, the amplitude of the so-called "pullback" from the peak value to the reacceleration indicative of spall damage is roughly proportional to the dynamic tensile strength of the material [8] . It is shown to be higher in the thinnest sample, where tension near the free surface is induced after the α-ε-α cycle. This increase of the tensile strength after the phase change is accounted for in the model. Besides, the transformation affects the fracture surface morphology, as evidenced in the cross sections on the right, with a very clear change from a rough surface (top) to a "smooth spall" (bottom) already observed under conventional shock loading.
Much effort is devoted to characterizing and modelling the early stages of spall fracture (i.e. nucleation and growth of voids or micro-cracks), while the later ejection of fragments and their ballistic properties are a major concern in many practical applications. Figure 4 shows transverse shadowgraphs recorded behind a laser shock-loaded gold target (top), together with a two-dimensional simulation of this experiment (bottom). Fracture is modelled with a simple erosion criterion assuming instantaneous element deletion as soon as local tension reaches a constant strength, set to 4.1 GPa on the basis of VISAR records of the free surface velocity, not shown here for brevity. Two distinct spalled layers are ejected successively, with significant curvature at their edges, and secondary fragments of various sizes are generated from the periphery of the loaded zone. A correct overall consistency is found between observations and calculations, including a very good match for the ejection velocities.
Little data can be found yet about how spall fracture and dynamic fragmentation evolve in a specimen fully or partially melted, on compression or on release, before wave interactions induce tensile loading. Upon reflection of a triangular compressive pulse (or "unsupported shock wave") from the free surface of a molten sample, cavitation is expected to occur under very low tension, very close to the free surface, and thus to lead to the ejection of a cloud of tiny droplets (referred to as "micro-spall") with a wide range of ejection velocities [10] . High pressure laser shocks have been applied onto tin samples to quantify the progressive loss of tensile strength associated with incipient melting on release [11] , to investigate the debris ejection from relatively thick specimens after shock-induced melting [1, 12] , and to characterize more specifically the micro-spall ejected from thin foils [13] . In parallel, some theoretical issues have been addressed [14, 15] and a well known, energy-based fragmentation model from the literature [16] has been adapted to the case of liquid metals then implemented in a hydrocode. Figure 5 illustrates a comparison between the predictions of this model and the experimental fragment size distributions inferred from image analyses performed on scanning electron micrographs of a plastic shield impacted by tin droplets ejected from a 50 μm-thick foil subjected to a 140 GPa laser shock. The spherical shape of the particles, due to surface tension, indicate that they were generated in the liquid state, after shockinduced melting, then at least partially resolidified before impacting the shield. A good consistency is obtained on the fragment sizes, ranging from about 0.2 to 3 μm, with a mean value of about 0.6 μm. However, the calculation predicts fragment numbers per unit area much greater than observed experimentally (see the vertical shift in the graph). The major cause for this discrepancy is probably the penetration of a large number of tin droplets below the impacted surface of the shield. Since smaller fragments should be ejected at higher velocities and have less drag during penetration, they should imbed more easily into the polycarbonate, so that the discrepancy between theoretical and observed fragment numbers decreases with increasing fragment size.
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Current work on this subject includes 3D micro-tomography to characterize the whole debris population recovered within "soft" collectors of low density (foams and gels), analogous work on other metals, of engineering or geophysical interest, and development of a physically-based model involving a more accurate description of shock-induced melting.
Conclusion
The main specificity of laser driven shocks is the very short time of pressure application, typically a few 10 −9 s or less. On one hand, this makes direct measurements within the shock-compressed matter challenging, because they require a very high time resolution. Besides, this short duration implies fast pressure decay during propagation from the loaded surface into the sample, which has to be carefully characterized and taken into account in the interpretations of the results. On the other hand, such short pulses allow studying the dynamic behaviour of materials over ranges of extremely high strain rates and very small propagation distances, where the kinetics of the various processes governing this behaviour play key roles, non-equilibrium states can be investigated, and metastable structures may 00023-p.5 EPJ Web of Conferences be quenched. Finally, due to this short duration, the overall deformation and motion of a laser shockloaded target are usually small, so that both the damaged specimen and the ejected fragments can be partially recovered for post-test analyses that can be very informative. Thus, laser shock loading appears as a useful complement to more conventional experimental techniques, to test the ability of existing models to describe the dynamic response of condensed matter (as has been illustrated in the present paper), and to develop new ones with improved predictive capabilities.
